Abstract: Birch chips were cooked by means of the Lignofibre (LGF) organosolv process in acetic acid (AA) and phosphinic acid (H 3 PO 2 ) at 150°C. The delignification rate and structure of the dissolved lignin was followed as a function of time. The degree of delignification increased steadily up to 88% during the 120 min treatment time. The dissolved lignins were precipitated from the spent liquor (SL) by water addition, washed, and purified for the analyses. Elemental analysis, 31 P nuclear magnetic resonance (NMR), heteronuclear single-quantum coherence (HSQC) NMR, pyrolysis-gas chromatography/mass spectrometry (GC/MS), and gel permeation chromatography (GPC) were applied for the structural elucidation. It was found that the cleavage of the β-aryl ether linkages is the main reaction leading to delignification, accompanied by the formation of free phenolic hydroxyl groups and reduction in the content of aliphatic hydroxyl groups. The structure of the dissolved lignin remained the same after the drastic changes at the early stages of cooking (up to 30 min cooking time), indicating that secondary reactions (e.g., condensation) do not take place to a significant extent. H 3 PO 2 probably enhances the acidolysis reaction via an ester derivative that both boosts the cleavage reaction and prevents the formation of the carbocation intermediate that induces condensation. Homolytic cleavage reactions may take place parallel to the acidolytic reactions.
Introduction
Replacing oil-based products with materials based on renewable raw materials is the driving force for searching novel process technologies for biomass utilization. The so-called biorefinery processes aim at the utilization of the whole biomass for producing fibers, energy, valueadded chemicals, and polymers. Organosolv pulping processes can be considered as one of the key methods for the realization of biorefinery concepts.
The term "organosolv pulping" encompasses a wide variety of methods in which lignocellulosic materials are treated in organic solvents for the efficient separation of lignin, cellulose, and other carbohydrates (Hergert 1998 ). In the past, organosolv processes were considered as alternative methods for the traditional chemical cooking processes. Their permanent industrial application was not successful due to problems related to the fiber quality, commercialization of the byproducts (mainly lignin), process cost-efficiency, and the recovery of chemicals, just to mention a few. However, the interest toward various organosolv processes within the scope of biorefinery processes is still vivid. The advantages are the selective separation of lignocellulosic biomasses into high-value fractions, the suitability for nonwood biomasses with high silicate content, and the absence of sulfur in the process. Thus, the products are sulfur free, there are no sulfur emissions, and the chemical recovery is relatively simple (Aziz and Sarkanen 1989; Hergert 1998) .
The Lignofibre (LGF) organosolv process has been developed at VTT (Mikkonen et al. 2009 ). It is based on organic solvents such as ethanol or acetic acid (AA) and phosphinic acid (H 3 PO 2 ), which is a strong reducing agent (Mehrotra 2013) . With the LGF process, it is possible to fractionate the major lignocellulosic biomass components, that is, cellulose, lignin, and hemicelluloses. The process produces fibrous material with high cellulose content, dissolved lignin (which can be recovered easily by precipitation in water), as well as dissolved hemicelluloses and their reaction products such as furfural (Hakala et al. 2010; Liitiä et al. 2011 Liitiä et al. , 2013 Tamminen et al. 2011; Kangas et al. 2013) .
In acidic organosolv pulping, delignification is promoted by the cleavage of β-aryl ether bonds via either acidolysis or homolytic cleavage. The two reaction mechanisms typically take place simultaneously, while the prevailing route is dependent on acidity and temperature (Li et al. 2000) .
The acidolytic reactions are favored by high acidity. In the first phase of the acidolysis, benzylic carbocation is formed (Li et al. 2000; Lai 2001) . The degradation can then progress to produce the so-called "Hibbert ketones", or homovanillin derivatives, via cleavage of the γ carbon (Adler et al. 1957; Lundquist and Lundgren 1972; Karlsson et al. 1988; Karlsson and Lundquist 1992) . These reactions are, however, competed by nucleophilic addition reactions to the carbocation, typically resulting in the formation of β-aryl-type condensation products (Li et al. 2007 ). The condensation of lignin via this mechanism can be prevented by the addition of small-molecular-weight phenolic nucleophiles, such as naphthol (Lora and Wayman 1980; Li et al. 2007 ).
Homolytic cleavage is expected to dominate in organic solvents at neutral or moderately acidic conditions at high temperatures (Li et al. 2000; Lai 2001) . In this case, the quinone methide intermediate is first formed followed by the homolytic cleavage of the β-aryl ether bond. The formed radicals may further participate in radical coupling reactions, leading to lignin condensation (Li et al. 2000) . Alternatively, they may be stabilized via radical exchange reactions ending up in lignin degradation.
The aim of the present work is to follow the various degradation and condensation reactions expected to take place under the acidic high-temperature conditions of LGF cooking. Special attention is paid to the role of H 3 PO 2 in these reactions.
Materials and methods
European silver and/or white birch (Betula pendula Roth and/or Betula pubescens Ehrh.) obtained from Espoo, southern Finland, was cooked. The stems were debarked manually and chipped at Teollisuuden Hake Oy (Kuusankoski, Finland). The dry matter content of the chips was 54.8%; composition: 22.2% lignin, 44% cellulose, and 31.6% hemicelluloses (consisting of 26% glucuronoxylan and 3.2% glucomannan) (Kangas et al. 2013 ). The cooking trial was performed with chip batch size of 300 g in an air bath digester built in-house and fitted with four autoclaves (V = 2.5 L). AA (99.85% from Algol Chemicals, Espoo, Finland. Diluted to 80% by the process water) was used as the cooking solvent and 3.5% H 3 PO 2 (based on wood; SigmaAldrich, Helsinki, Finland) was added. The process temperature was 150°C and the liquid-to-wood ratio 5:1. The temperature was raised to the final cooking temperature in 60 min. During the cooking process, liquor samples (50 ml) were taken from the autoclave through a valve at the bottom at time intervals of 30, 60, 90, and 120 min, corresponding to samples LGF30, LGF60, LGF90, and LGF120, respectively.
The lignin in the spent liquor (SL) samples was precipitated by the addition of water (5:1). The precipitate was separated from the liquid by centrifugation (Eppendorf 5804R, Hamburg, Germany; 7-27 min at 20°C and 9000 rpm, corresponding to 10 300 G) and sequentially washed with water until pH around 5. The samples were freeze dried.
The lignin samples were further purified for analytical purposes. Then, 0.5 g lignin was dissolved in 35 ml of 0.1 M NaOH (Merck, Darmstadt, Germany) for 30 min at room temperature. The solution was filtered (Whatman no. 4) and the filter was further washed with 15 ml of 0.1 M NaOH (Merck, Darmstadt, Germany). The solution was then acidified with 1 M HCl (Sigma-Aldrich, Helsinki, Finland) to pH around 2.4 and centrifuged at 9000 rpm and 4°C for 25 min (Eppendorf 5804R, Hamburg, Germany). The precipitate was washed twice with acidified Milli-Q water (pH 2.4) and separated by centrifugation at 10 000 rpm and 4°C for 30 min (Eppendorf 5804R, Hamburg, Germany). The sample was freeze dried and Soxhlet extracted with hexane (Rathburn Chemicals Ltd., Walkenburn, Scotland) for 8 h.
Birch milled wood lignin (MWL birch ) as a reference was isolated from the same birch species, from which the LGF lignins were prepared, but was isolated previously from another raw material batch. The MWL birch was isolated by a slightly modified Björkman (1956) method, including an ultrasonic extraction step (90 min at 15°C) after the ball milling.
The Klason lignin content in the cooking liquor was analyzed gravimetrically by precipitation with H 2 SO 4 (4%, w/v; Sigma-Aldrich, Helsinki, Finland) in an autoclave (Getinge A-96082, Göteborg, Sweden) at 121°C. For the analysis, 1.8 ml H 2 SO 4 (Sigma-Aldrich, Helsinki, Finland) and 13.2 ml Milli-Q water were added to 10 ml of the sample. The precipitate was filtered and the acid-soluble lignin was detected in the clear filtrate at 215 and 280 nm according to Goldsmith (1971) and the acid soluble lignin concentration c L (g l -1 ) was calculated by Equation (1): c L = (4.53 a 215 -a 280 )/300, where a 215 and a 280 are the ultraviolet absorbance values of the filtrate.
For the determination of lignin and residual carbohydrate content of the precipitated lignins, the freeze-dried samples were hydrolyzed with sulfuric acid (4%, w/v ; Helsinki, Finland) in an autoclave and the resulting monosaccharides were determined by HPAEC, Dionex ICS 3000 (Dionex, Sunnyvale, CA, USA) equipped with CarboPac PA1 column with pulse amperometric detection (PAD) (Hausalo 1995; Willför et al. 2009 ). The Klason lignin content (i.e., the insoluble residue from the hydrolysis) was determined gravimetrically from the same hydrolysate according to the NREL method (Sluiter et al. 2008) . The acid-soluble lignin in the hydrolysate was detected at 215 and 280 nm according to Goldsmith (1971) .
The elemental analysis C, O, H, N, P, and content of OCH 3 was performed at the Analytical Laboratories (Lindlar, Germany). The C, O, H, and N contents were determined according to standard ASTM D 5291 and the phosphorus analyses were performed after digestion with sulfuric and nitric acids by the photometric procedure described in ASTM D 515 Method A. The methoxy (OMe) content was determined by the Zeisel method followed by iodometric titration as described by Pregl and Roth (1958) . The P content of the unpurified LGF120 sample was determined as a reference at Labtium Oy (Espoo, Finland). The analysis was performed after wet combustion in hydrogen peroxide and nitric acid in a microwave oven and the P content was determined from the solution by inductively coupled plasma-optical emission spectrometry (Iris Itrepid, ICP-OES from Thermo Elemental, Maryland, USA).
LGF lignins per C 900 units was calculated according to Vazquez et al. (1997) with some modifications to include acetyl and hydroxyl groups and H 3 PO 2 esters in the formula:
The content of acetoxy (OAc) groups was analyzed by capillary electrophoresis (P/ACE, Beckman-Coulter, Fullerton, CA, USA) after alkaline hydrolysis. The sample was weighted (4-9 mg) into 1 ml solvent (100 mM NaOH; stock solution 1 M NaOH, FF-Chemicals, Haukipudas, Finland). The solution was first mixed in a vortex mixer (Scientific Industries Inc., Bohemia, USA) and then with ultrasound (model M12, FinnSonic Oy, Lahti, Finland) (30+30 min). The mixture was centrifuged (model EBA21, Hettich Zentrifugen, Tuttlingen, Germany) at 14 000 rpm for 5 min and the supernatant was taken to CE analysis. A reference treatment was performed with ultrapure water. The CE analysis of detached OAc groups was performed at pH 8.1 with the chemical and separation para meters as described by Rovio (2010) . Granata and Argyropoulos (1995) . Pyrolysis-gas chromatography/mass spectrometry (GC/MS) analyses were performed with a filament pulse pyrolyzer (Pyrola2000, Pyrol AB, Lund, Sweden) connected to a GC/MS instrument (Varian 3800 GC/2000 MS, Walnut Creek, USA; column J&W, DB-1701, Folsom, USA, 30 m × 0.25 mm, film 1 μm) in combination with an ion-trap mass spectrometer (EI 70 eV) detection. Then, 100 μg of the sample was weighed accurately and pyrolyzed at 580°C for 2 s. The peak molar areas of lignin pyrolysis degradation products were calculated and normalized to 100%. Each sample was analyzed at least twice. A more detailed description of the method can be found in Ohra-aho et al. (2013) . The molar mass measurements were performed by SEC; instrument: HPLC (Waters, Milford, MA, USA) in 0.1 M NaOH (stock solution 1 M NaOH from Merck Titrisol, Darmstadt, Germany; diluted 1:10 and f iltered) eluent and MCX 1000 and 100 000 Å columns (PPS Polymer Standards Service, Mainz, Germany) with ultraviolet (UV) detection at 280 nm (Waters 2998 Photodiode Array Detector, Milford, MA, USA). The average molar masses (M n , M w ) and the molar mass distributions were calculated relative to Na-polystyrene sulfonate standards (Na-PSS, 3420-148 500 g mol -1
, American Polymer Standards Corporation, Mentor, OH, USA) with Empower 3 software (Waters, Milford, MA, USA). For the analysis, about 4 mg of lignin were dissolved overnight in 4 ml analytical NaOH (0.1 M, Merck Titrisol, Darmstadt, Germany) and filtered with 0.45 μm PTFE membrane syringe filters (VWR International, Radnor, PA, USA).
Results and discussion

Structural considerations
The amount of lignin dissolved during the LGF process was estimated based on the lignin content in the SL (Table 1) . To avoid overlap in the UV determination due to the presence of furanoic carbohydrate degradation products, the lignin content in the SLs was analyzed as the sum of precipitated Klason lignin and acid-soluble lignin obtained after acid hydrolysis. The amount of lignin in SL increased with increasing process time, as expected. After 120 min, almost 90% of the lignin in the wood chips was dissolved.
The lignins dissolved during the LGF cooking were separated from the SL by water precipitation and analyzed. The material recovered by precipitation corresponds to 66.3%-77.5% of the lignin found in the SL (Table 1) . A large part of the water-soluble lignin could not be not precipitated resulting in yield losses. The decreased yield in the LGF120 sample is most probably due to an experimental error. The yield of the purification step was around 84%. The chemical compositions of the water precipitated and purified LGF lignin samples are listed in Table 1 . Only xylose was detectable in the hydrolysates after acid hydrolysis. The elemental compositions and contents of OMe and OAc groups of LGF lignins are presented in Table 2 . Very little time-dependent differences were observed in the samples.
LGF lignins contain more carbon, less oxygen, and slightly less OMe groups compared to MWL birch reported in the literature (59.7% C, 34.2% O, and 21.4% OMe). The hydrogen contents around 6.1% are similar (Fengel and Wegener 1989) . The higher carbon and lower oxygen contents of LGF lignins indicate that lignin condensation (formation of new C-C linkages) and/or reduction had taken place. A significant demethylation of lignin during LGF cooking did not occur, as the OMe contents of LGF lignins were only slightly lower than that in MWL birch . Some phosphor remained attached to the lignin from the H 3 PO 2 in the cooking liquor. The remaining phosphor corresponds to 2-3 P per C 900 units. The P content in the purified and unpurified LGF120 samples was at the same level (0.4%), confirming that phosphor had not been removed by hydrolysis of H 3 PO 2 lignin esters present in LGF lignins. Some OAc groups remained in the samples despite purification that includes dissolution in alkali. The unpurified sample contains 4.3% OAc groups (13 OAc per C 900 ). Accordingly, the LGF lignins are heavily acetylated and the purification removes a large part of the OAc groups. The OH group analysis by 31 P NMR (Table 3) shows that the content of OH aliph groups decreased significantly compared to the MWL, while the content of OH phen groups increased. Only minor changes in OH group contents were observed as a function of LGF process time, indicating that the most significant effects in this context had already taken place before the first 30 min measurement time.
The practically constant OH total groups during the cooking time allow us to interpret that the cleavage of β-aryl ether linkages, leading to the formation of new OH phen groups, is accompanied by the elimination of a similar amount of OH aliph groups.
In pyrolysis-GC/MS analysis, lignin is degraded to a mixture of monomeric phenols that retain the aromatic ring substitution pattern in the original lignin. It is thus possible to identify products from p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units and calculate the S/G/H ratio (Table 4 ). The S/G ratios of LGF lignins (1.8) are somewhat lower than that of MWL birch (2.1). The S/G ratios do not change essentially as a function of cooking time. As both G-and S-type pyrolysis degradation products have similar side chain structures, it is easy to present their structural changes with increasing cooking time (Figure 1 ). The amount of coniferyl and syringyl alcohols and aldehydes, typical to native lignin, is more abundant in MWL birch than in LGF lignins. These units decrease in the LGF lignins in the beginning of the process, but after 60 min no further changes are observable, indicating that the cleavage of β-aryl ether linkages takes place mainly during the first 60 min cooking.
The content of benzenediols (catechol and methoxybenzenediol) among the pyrolysis products is higher in LGF lignins than in MWL birch with increasing tendency with longer cooking times. However, these changes are so minor that demethylation cannot be considered as relevant reaction during LGF cooking. The minor changes in OMe contents in the course of cooking support this view (Table 2) .
2D NMR spectra of MWL birch and LGF lignin at 120 min were recorded (Figure 2a and b, respectively) . The intermonomeric linkages of MWL birch and LGF lignins, as analyzed by integration of signals in 2D HSQC NMR spectra, are presented in Table 4 . Accordingly, the content of β-O-4 bonds in LGF lignin are essentially lower compared to MWL birch and some changes still took place between 60 and 90 min cooking time. The contents of β-5-and β-β-type C-C bonds did not increase simultaneously, indicating that the condensation of lignin via recoupling of the radical intermediates did not occur. Stilbene structures, known to be formed via β-5 structures, were detectable in the HSQC NMR spectra (marked with K in Figures 2b  and 3) . The main lignin structures detected in the 2D NMR spectra are presented in Table 5 . In LGF lignins, several new 1 H-
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C correlation signals appeared in the 2D spectra (marked grey in Figure 2b ), indicating relevant structural changes already after 30 min cooking. Especially, the signals at δ C /δ H 127.58/5.308 and 129.42/5.318 ppmmost likely originating from vinylic structures based on their chemical shifts -are clearly detectable (Figure 2b ). Besides the new correlation signals detected in the aromatic region (δ C /δ H 105.66/6.426 and 112.38/6.685 ppm), an intense signal at δ C /δ H 59.26/3.636 ppm was observed. This overlapping signal is partly due to OMe and partly to γ-correlations of the interunit linkages. Another new signal was detected in the interunit linkage region resonating at δ C /δ H 81.18/4.76 ppm.
The cleavage of β-aryl ether linkages in the very early stage of LGF cooking is also evident based on molar mass measurements. The M w values (Table 4) 
Figure 1 Relative molar abundances of the pyrolysis degradation products of the guaiacyl and syringyl units of lignin.
higher molecular weights with cooking times longer than 30 min can be interpreted to be due to some condensation reactions occurring with prolonged cooking times (Figure 4b ). This low degree of lignin condensation may be one reason for the good bleachability of LGF pulps (Kangas et al. 2013 ).
Delignification mechanisms
According to the literature, the β ether cleavage under AA cooking at high temperature may take place via ionic acidolysis and/or homolytic reactions (Li et al. 2000) . The cleavage reactions are competing with re-condensation reactions. Kangas et al. (2013) found that AA cooking in the presence of H 3 PO 2 results in an improved delignification compared to other AA processes, in which mineral acids serve as catalysts. It was also demonstrated that only minor delignification takes place without H 3 PO 2 , leaving the wood chips unfiberized (unpublished results). Thus, one aim of the study was to reveal the boosting mechanism of H 3 PO 2 . Acidolysis has been proposed to cleave β-aryl ether bonds via aryl-enol ethers as intermediates, partly including the cleavage of the γ-C via retro-Diels-Alder reaction. In the presence of H 3 PO 2 , an alternative reaction path is possible. Under the reaction conditions, the OH groups of lignin are expected to be in equilibrium with the corresponding esterified forms. Both H 3 PO 2 and AA may participate in these equilibria. The α-C-OH group esterified by H 3 PO 2 is postulated to be the key intermediate leading to the cleavage of β-O-4 bonds via a mechanism depicted in Figure 5 . The concerted mechanism route necessitates the presence of H 3 PO 2 esters in the α-position. This way, the same end-products as derived from the acidolysis reaction would be formed in a straightforward reaction, without the formation of the intermediate aryl-enol ethers. The relative abundance of the β-carbonyl Table 4 Distribution of S, G, and H lignin units (after normalization to 100%), the amount of main interunit linkages, and molecular mass data. The possible elevated S data are not corrected. C HSQC NMR spectra, expressed as no. per C 900 units (0.5 S 2,6 +G 2 ) (Sette et al. 2011). clearly showing the cleavage of aryl ether linkages. During the LGF cooking, the molar mass of lignin remained rather constant. No clear differences were detected in the shape of the molar mass distributions either. This result also supports the conclusion that only minor changes took place after the very fast initial reactions. A minor shift to structures among the pyrolysis degradation products (R = CH 2 -CHO, CH 2 -CO-CH 3 ) (Figure 1 ) supports the presence of β-carbonyl-type substructures in the LGF lignins. As the end-products in H 3 PO 2 -boosted and unboosted acidolysis are the same, the effect of H 3 PO 2 cannot be detected on that basis. The intermediate enol-ether structures of the acidolysis mechanism were not detected by 2D NMR, which supports the presence of the alternative catalytic route but does not prove it, because the intermediates may have reacted further.
The carbocations in the α-position are formed as the first step of the normal acidolysis reaction. They are prone to condensation side-reactions, leading to the formation of α-aryl structures. The H 3 PO 2 -catalyzed acidolysis reaction does not include carbocation intermediates, which is expected to decrease the condensation tendency and promote delignification also this way.
H 3 PO 2 was added to the LGF process in approximately 1:4 molar ratio to the C 9 subunits. This high charge is probably necessary to make sure that the cleavage reaction happens so fast that the competing condensation reaction cannot occur. In addition, in delignification reactions involving H 3 PO 2 , the ester formed in the α-position protects lignin toward condensation reactions. H 3 PO 2 is partly regenerated in the cleavage reaction, being a catalyst rather than a reagent in that sense. However, a part of H 3 PO 2 is "lost" in the course of oxidation-reduction reactions and some remain attached to the lignin as shown by 2-3 P per C 900 units. The reduction of lignin during LGF cooking is visible by the lower oxygen content compared to MWL birch .
A homolytic cleavage may also occur under the cooking conditions applied and the radical recoupling reactions form various new C-C bonds. However, the radical intermediates may also stabilize via other mechanisms. H 3 PO 2 is a reducing agent and thus could stabilize the lignin radicals by direct reduction and block the condensation via the homolytic route. No new C-C linkages were detectable in the LGF lignins ( Figure 5 Proposed mechanism for acidolysis in the presence of H 3 PO 2 . Signal assignment is carried out according to the literature (Liitiä et al. 2003; Ralph and Landucci 2010; del Rio et al. 2012) . The letters in bold correspond to structures shown presented in Figures 2 and 3 .
Conclusions
The LGF dissolved lignin was found to be structurally different from native lignin. The majority of β-O-4 linkages were cleaved, only 9 β-O-4 per 100 C 9 units were left after 120 min LGF process time, and new OH phen groups were generated. The number of OH aliph was lessened. These changes took place mainly during the early stages of the process, and after 60 min reaction time, no further structural changes were observable. However, lignin dissolution continued during the whole reaction time (120 min). The delignification reaction is fast, and only minor secondary reactions take place once the lignin has dissolved. The main delignification reaction is probably acidolysis, catalyzed by H 3 PO 2 esterification. In addition to boosting the aryl ether cleavage, H 3 PO 2 may also protect lignin against the typical condensation reactions under acidolytic conditions. In parallel, homolytic cleavage may also occur, but its significance is not yet clear. H 3 PO 2 is expected to stabilize lignin also against condensation via radical coupling, based on its reductive nature. Potentially, softwoods could benefit more from the LGF process, because their G units are more prone to condensation reactions than the S units in hardwoods.
